Abstract We have monitored the thermal evolution of the proton irradiated structure of W-5 wt% Ta alloy by in-situ annealing in a transmission electron microscope at fusion reactor temperatures of 500-1300°C. The interstitial-type a/2\111[ dislocation loops emit self-interstitial atoms and glide to the free sample surface during the early stages of annealing. The resultant vacancy excess in the matrix originates vacancy-type a/2\111[ dislocation loops that grow by loop and vacancy absorption in the temperature range of 600-900°C. Voids form at 1000°C, by either vacancy absorption or loop collapse, and grow progressively up to 1300°C. Tantalum delays void formation by a vacancy-solute trapping mechanism.
Introduction
Tungsten and its alloys are the prime structural and armour material candidates for high-heat load components facing the hydrogen plasma in nuclear fusion reactors [1] [2] [3] , due to their unique thermal conductivity and high-temperature strength, in combination with low surface sputtering yields and resistance to radiation-induced swelling [4] [5] [6] . The thermal loads on plasma-facing components are predicted to be 0.1-20 MW/m 2 during steady-state reactor operation [7, 8] , and even values close to GW/m 2 range during offnormal events such as plasma disruptions and edge localised events [9] . The expected lowest shield temperatures for W-based armour materials range from * 500°C in the blanket's first wall to [ 800-900°C in helium-cooled divertor designs and even [ 1700°C in the divertor armour surface [1] .
Unfortunately, tungsten manifests an intrinsic brittleness at low temperatures, with reported values of the ductile-tobrittle transition temperature (DBTT) in the range of 250-350°C, depending on its microstructure and processing route [10, 11] . Neutron irradiation is reported to increase the DBTT up to * 800-1000°C [12, 13] . In plasma-facing components of fusion reactors, the high neutron fluxes are predicted to induce radiation damage rates of 3-30 dpa/year [8] . Besides that, neutron bombardment will also cause the transmutation of W into Re and subsequently Os, and therefore trigger the formation of brittle r (ReW) and v (WRe 3 ) precipitates [14, 15] . The radiation-induced embrittlement stemming from lattice defects and brittle phases will continuously reduce the recommended temperature window for safe operation of W-based components [13] , and potentially cause premature failure during low-temperature reactor operations [16] .
In this work, we have assessed the radiation-induced lattice damage in W-5 wt% Ta (W-5Ta) alloy at the relatively low temperature of 350°C, and how the damaged structure evolves during annealing up to 1300°C. Tantalum additions to tungsten, either in solid solution or as short fibres, can potentially increase its ductility [1, 17] and also delay the formation of brittle phases stemming from the neutron-induced transmutation sequence [14] . Recent reports on self-ion irradiations of W-Ta alloys at temperatures B 500°C and up to a damage level of 33 dpa confirm the absence of radiation-induced Ta clustering. Moreover, the presence of Ta hinders the formation of Re clusters under irradiation [18] . Interstitial-type dislocation loops form at those low irradiation temperatures in W-Ta alloys. The loop size is smaller and the loop number density is higher than in tungsten under equivalent irradiation conditions [19] . The low-temperature irradiation-hardening due to dislocation loops saturates at a damage level of 13 dpa at 300°C [20] . Ta is predicted to have a repulsive interaction with self-interstitial atom (SIA) defects such as \111[ crowdion [21] and dumbbell [22] configurations, and potentially restrict the mobility of SIAs and interstitial loops in W [19] .
Experimental Details
The as-received W-5Ta material was initially annealed in vacuum (* 10 -5 mbar) at 1400°C for 2 h for recrystallization. A 3 mm-diameter TEM disc was prepared by mechanical pre-thinning, followed by electropolishing at a temperature of * -5°C, using a Struers Tenupol-5 unit and an electrolyte comprising 15 vol% sulphuric acid (95%) and 85 vol% methanol. The TEM disc was proton irradiated at the Microscope and Ion Accelerator for Materials Investigations (MIAMI-1 facility) located at the University of Huddersfield [23] . The sample was placed in a high-temperature Gatan 652 double-tilt specimen holder, and then mounted in a JEOL JEM-2000FX TEM operating at an accelerating voltage of 200 kV. This microscope is installed at the end of a beam line connected to an electrostatic ion accelerator. The 40 keV proton irradiation was performed at a temperature of 350(2)°C, up to a damage level of 0.7 dpa and a fluence of 9.7 9 10 17 ions/cm 2 . The proton irradiated structure was characterised at room temperature using an FEI Tecnai T20 Transmission Electron microscope with LaB 6 crystal, equipped with a double-tilt specimen holder and operating at 200 kV. The determination of the Burgers vector b of the observed dislocations made use of the g.b = 0 invisibility criterion, where g denotes the scattering vector. The nature of the dislocation loops was determined using the inside-outside contrast method. The foil thickness was derived from the fringes spacing of the convergent beam electron diffraction pattern, and was used to obtain the dislocation density applying graphical method [24] .
Afterwards, the evolution of the proton irradiated structure was monitored in-situ during annealing using the same 200 kV JEOL JEM-2000FX TEM and the heating Gatan 652 double-tilt specimen holder. The disc was first heated from room temperature up to 500°C at a rate of 100°C/min, and thereafter in steps of 100°C up to 1300°C at a lower rate of 50°C/min. After each temperature step, the disc was maintained at a constant temperature for a period of 20 min, and TEM images were taken close to the [111] zone axis of the bcc structure of W-5Ta. Void analysis of the bright-field images was based on the ''out-of-focus'' imaging technique, where voids appear as white dots surrounded by black Fresnel fringes when recorded in an under-focused condition, and as dark dots with bright fringes in an over-focused condition [24] . Once the maximum temperature of 1300°C was reached, the disc was cooled to room temperature, and the annealed structure analysed using the FEI Tecnai T20 Transmission electron microscope.
Results and Discussion

Dislocation Structure
The structure of the proton irradiated W-5Ta alloy is shown in Fig. 1 , together with its evolution during post irradiation annealing up to 1300°C. The as-irradiated microstructure is characterized by the presence of interstitial dislocation loops with a Burgers vector a/2\111[. The average loop diameter is 33(2) nm and the number density takes a value of 2.2 9 10 21 m -3 . In contrast, the microstructure annealed at 1300°C presents a lower dislocation density of 0.3 9 10 21 m -3 and the average loop diameter is 26(1) nm. The Burgers vector of the loops after annealing is still a/2\111[, however, the ellipsoidal shaped loops were determined to be of vacancy-type. The irradiated structure in bcc metals is characterized by a relatively large fraction of individual vacancy and selfinterstitial atom (SIA) defects, together with a number of small mobile SIAs clusters, according to molecular dynamic simulations [25] . The enthalpy of migration of SIAs in tungsten equals to 85 meV [26, 27] , and SIAs are mobile at temperatures as low as -253°C corresponding to annealing stage I [28, 29] . Both the free surface of the sample and the interstitial dislocation loops act as biased sinks for mobile SIAs [30] . Furthermore, an attractive image force is generated that drives the dislocation loops towards the surface [31] . Small interstitial a/2\111[ loops have recently been observed to hop in one-dimension during in-situ isochronal annealing of a TEM tungsten disc, previously irradiated with a 2 MeV W ? beam to a ion fluence of 10 14 W ? /cm 2 . The loop hopping is significant at temperatures in the range of 300-700°C, with increasing hopping frequency with temperature, and leads to loop loss to the sample surface [32] . Besides that, detrapping of SIAs from dislocations occurs in tungsten in the annealing stage II at -170 to 430°C [28] . Therefore, the interstitial-type a/ 2\111[ loops observed in the 'as-irradiated' structure of W-5Ta are not stable below 500°C, and either glide towards the sample surface and/or lose SIAs, who may also migrate and become trapped at the free surface.
The migration of SIAs and interstitial dislocation loops towards the surface generates an excess of vacancies in near-surface regions of the sample [33] . Vacancy migration takes place in tungsten during the annealing stage III, corresponding to the temperature range of 430-650°C [28, 34] . This range is shifted towards lower temperatures with increasing neutron fluence [35] . The activation enthalpy of long-range vacancy migration in tungsten is reported to be 1.7-2.0 eV [36, 37] . In fact, significant migration of single vacancies to small vacancy clusters was observed in tungsten at 400°C using field ion microscopy [38] . Therefore, we can expect that a significant amount of the initial interstitial loops have disappeared during heating the W-5Ta sample up to 500°C, and the structure is characterized by the presence of additional vacancy-type a/2\111[ dislocation loops. At that temperature, the loop density amounts to 1.5 9 10 21 m -3 and the average loop size to 28(2) nm. A step-wise increase in annealing temperature above 500°C causes a progressive reduction in loop density, which levels off at temperatures close to 900°C, see Fig. 2 . Vacancy-type defects become mobile in this temperature regime, which corresponds to annealing stage IV reported to occur at 650-1000°C [28] . This trend in loop characteristics evidences the growth of vacancytype loops by loop and vacancy absorption and, to a lesser degree, by loop coalescence [39] . At 900°C the loop 
Void Formation
Annealing the sample at temperatures above 900°C reveals a second progressive decrease in loop density, see Fig. 2 . This overlaps with the annealing stage V, whose onset is reported to occur at 1000°C in tungsten [28] . This stage is characterised by the thermal dissociation of vacancies from lattice defects such as dislocation loops. Furthermore, we have also observed the occurrence of a significant number of voids in the microstructure at a temperature of 1000°C, see Fig. 3 . At that temperature, the void number density amounts to 5.8 9 10 21 m -3 . An increase in temperature beyond 1000°C causes a decrease in the number density of voids, and concomitantly to an increase in the average void diameter, see Fig. 4 . The average number of vacancies per void (n), assuming a spherical shape of the voids, can be estimated using the expression [40] :
where R v denotes the average void radius and X the atomic volume. The values obtained for n as a function of the annealing temperature are shown in the inset of Fig. 4b . At the highest annealing temperature of 1300°C in this study, the average number of vacancies per void is n * 18 9 10 3 , and the void number density is 1.2 9 10 21 m -3 . Voids are formed either by the clustering of free vacancies, or by the shrinkage and collapse of vacancytype dislocation loops via vacancy emission [41] . Once voids reach a critical size, they are stable and increase their size by absorbing additional mobile vacancies from the matrix. In fact, mesoscopic vacancy-type dislocation loops are predicted to be metastable with respect to the transformation into spherical voids [42] . Radiation-induced void swelling takes place in neutron irradiated tungsten in the temperature range of 600-900°C at a damage level of * 9.5 dpa [43] . Voids are reported to form in tungsten at an early stage of irradiation, and a void lattice appears at a damage level of * 1 dpa at temperatures of 600-800°C. Moreover, once a void lattice is formed in tungsten, it is expected to remain stable at higher dpa level [44] . We have observed the appearance of voids visible by TEM in W5Ta alloy at a higher temperature, i.e. 1000°C, as compared to tungsten. Tantalum constitutes an oversized atom in tungsten, and can reduce the free vacancy concentration in the matrix via a solute-trapping mechanism [45] , therefore delaying or reducing the void formation and the related swelling in W-5Ta alloy as compared to tungsten.
Conclusions
To summarize, the microstructure of W-5Ta alloy after 40 keV proton irradiation at 350°C and a damage level of 0.7 dpa is characterized by the presence of interstitial-type a/2\111[ dislocation loops. The in-situ post-irradiation annealing of W-5Ta in a TEM causes those interstitial loops to emit SIAs and also to glide to the free surface of the sample. The resultant excess of vacancies in the matrix evolves into vacancy-type a/2\111[ dislocation loops, which grow preferentially by loop and vacancy absorption in the temperature range of 600-900°C. At a temperature of 1000°C a significant number of voids appear in the microstructure, whereas the loop number density decreases. The void number density reduces gradually up to a temperature of 1300°C, and the average void diameter increases simultaneously. Tantalum delays the onset of void formation in W-5Ta alloy, as compared to tungsten, via a solute-vacancy trapping mechanism. 
